The calcineurin inhibitor (CNI) tacrolimus (Tac) is an effective immunosuppressant used after liver transplantation (LTx), but is often associated with CNI nephrotoxicity. Currently, there is no simple clinical predictor for CNI nephrotoxicity after LTx. We hypothesized that the Tac metabolism rate -defined as the blood concentration normalized by its daily dose (the C/D ratio) -is associated with post-LTx renal impairment.
Background
The calcineurin inhibitor (CNI) tacrolimus (Tac) is a standard immunosuppressant used after liver transplantation (LTx). The incidence of acute liver rejection is lower with Tac than with cyclosporin A [1] , but Tac also exhibits CNI nephrotoxicity [2, 3] . The extent of nephrotoxicity is reportedly strongly associated with high trough blood CNI concentrations [4] . However, nephrotoxic adverse effects may also occur with regimens that aim to achieve low trough Tac concentrations (target 4-6 ng/mL) [5] .
Tacrolimus metabolism depends on several individual clinical and genetic factors. Demographic characteristics such as sex and age have been identified as having an influence on Tac metabolism after kidney transplantation [6, 7] . Furthermore, several drug interactions with the cytochrome P450 CYP3A enzyme system lead to changes in Tac blood concentrations [8] , including corticosteroids [9] . The Tac dose requirement is influenced by uptake from the lower intestine [10] , and episodes of severe diarrhea are known to increase Tac blood concentration [11] . There has also been a recent focus on the influence of the expression of different cytochrome P450 (CYP450) subtypes in the renal tubules on the incidence of CNI nephrotoxicity [12] . The metabolism of Tac is mainly controlled by CYP3A4 and CYP3A5 in the liver [13] . CYP3A5*1-expressors have been characterized as fast Tac metabolizers, while slow metabolizers mostly express CYP3A5*3 [14, 15] . After LTx, there is a switch from the CYP450 system of the native liver to that of the allograft. Thus, there are 2 different CYP3A-systems at work in LTx recipients, meaning that it may be very difficult to determine the subsequent Tac requirement by genetic pretesting before LTx [16] .
Currently, there is no simple clinical tool available that can predict the onset of CNI nephrotoxicity in LTx recipients. Recently, we showed that the Tac metabolism rate, expressed as the blood concentration normalized by the dose (C/D ratio), has an impact on kidney function after renal transplantation (RTx) [17] . The most likely reason for impaired renal function in patients exhibiting a low C/D ratio (fast Tac metabolizers) is thought to be CNI nephrotoxicity. It was hypothesized that fast metabolizers might suffer from overexposure and related over-immunosuppression or toxicity, at least at some time during the day. The Tac C/D ratio is an established means of determining its rate of metabolism [18] . Several other research groups have used the C/D ratio adjusted for patient weight, but there are many more clinical and genetic factors that influence the Tac dose requirement, and recent studies have shown the clinical utility of using the C/D ratio without adjusting for weight [17, 19] .
We hypothesized that the Tac metabolism rate, expressed as the C/D ratio, is associated with renal function in LTx recipients.
Material and Methods
Study population and clinical data Figure 1 illustrates the study enrollment. This retrospective study included patients who had undergone cadaveric liver transplantation at the University Hospital of Münster between January 2000 and March 2012 and took Tac for at least 6 months thereafter. All included patients were started on an immunosuppressant regimen with Tac (Prograf), mycophenolate mofetil (CellCept), and prednisolone (Soludecortin H/Decortin H). Tacrolimus was started at a dose of 0.1 mg/kg twice daily with a target trough concentration of 7-12 ng/mL during the first month, 6-10 ng/mL from months 2 to 3, and 4-8 ng/mL thereafter. Mycophenolate mofetil was started at a dose of 1 g twice daily and adapted as necessary to counter adverse effects such as leukopenia, diarrhea, and infection. Prednisolone was started at a dose of 250 mg once daily intravenously before and immediately after transplantation and for the following 2 days; the dose was reduced to 100 mg per day for the next 3 days, then tapered by 20 mg per day. A dose of 20 mg per day was maintained until the end of the first month after transplant, and then further tapered stepwise by 5 mg. In most cases, prednisolone had been discontinued within 6-12 months after LTx.
The demographic characteristics of recipients were collected at the time of LTx, including sex, age, body weight, and height. The body mass index (BMI) was calculated by dividing the body weight in kilograms by the square of the height in meters. We also recorded the blood type of donor and recipient, number of previous transplantations, and cold and warm ischemia times. The results of laboratory investigations, such as serum bilirubin and alanine transaminase (ALT) concentrations, and the international normalized ratio (INR), were collected at LTx and after defined time points. All changes in the immunosuppressant regimen were documented. Data on loss of transplant function and the death of patients were taken from clinical records. Follow-up data were collected retrospectively until September 2012, by which time all patients had undergone at least a 6 months of follow-up after LTx.
All patients received Tac for at least 6 months after transplantation. Patients who were given a different CNI, such as cyclosporin A (Sandimmune), an extended-release formulation of Tac (Advagraf), or a drug known to interfere with Tac metabolism, were excluded from the analysis. We also excluded patients under the age of 16 years. Furthermore, we excluded patients who had undergone combined organ transplantation (e.g., pancreas, kidney, and heart) due to the differing immunosuppressant regimens used after transplantation, those who discontinued Tac or were switched to another immunosuppressant, lost liver function, died, or were lost to follow-up.
All data were collected retrospectively. Data of all patients were anonymized and de-identified prior to analysis. Our study was approved by the local ethics committee (Ethik Kommission der Ärtzekammer Westfalen-Lippe und der Medizinischen Fakultät der Westfälischen Wilhelms-Universität, No. 2015-167-s-n). Written informed consent was given by all participants at the time of transplantation for recording their clinical data and use in anonymized analysis.
Clinical chemistry
The concentrations of creatinine (enzymatic assay; Creatinine-Pap, Roche Diagnostics, Mannheim, Germany) and Tac were measured from whole blood samples using an automated Tac assay (TACR, Dimension Clinical Chemistry System, Siemens Healthcare Diagnostic GmbH, Eschborn, Germany). The Tac metabolism rate was determined by dividing the drug blood trough concentration (C) by the corresponding daily Tac dose (D). The C/D ratio was documented at 1 month, 3 months, and 6 months after transplantation:
blood Tac trough concentration (ng/mL) daily Tac dose (mg) C/D ratio (ng/mL×1/mg) =
Definition of fast and slow metabolizer groups
Because of potential interactions between Tac and prednisolone, the C/D ratio measured 6 months after LTx was used to determine the postoperative Tac metabolism rate, by which time prednisolone was being given at a low dose or had already been discontinued. Because of a skewed distribution of the C/D ratio values ( Figure 2 ), non-parametric methods were used for statistical analysis. The median C/D ratio of 1.09 was used to divide patients into 2 groups. Patients with a C/D ratio <1.09 were defined as fast metabolizers and those with a ratio ³1.09 were defined as slow metabolizers (Figure 1 ).
Renal function
Renal function was determined by calculating the estimated glomerular filtration rate (eGFR) at the time of LTx, and at 1 month, 3 months, 6 months, 12 months, and 36 months after transplantation. Primarily due to mean eGFR >60 mL/min, the Cockcroft-Gault (CG) equation was used [20] . In a further step, eGFR values obtained by the Modification of Diet in Renal Disease group (MDRD) formula [21] were used to confirm the results.
Statistical analysis
Statistical analyses were performed using IBM SPSS Statistics 22 for Windows (IBM Corporation, Somers, NY, USA) and SAS Histogram of the distribution of the tacrolimus blood concentration normalized by its daily dose (the C/D ratio, ng/mL*1/mg). C/D ratio was distributed asymmetrically in the cohort of patients who had undergone LTx, allowing categorization into 1 of 2 groups: fast or slow metabolizers. software, version 9.4 of the SAS System for Windows (SAS Institute, Cary, NC, USA). Inferential statistics were intended to be exploratory instead of confirmatory, and were interpreted accordingly, meaning that P-values were only used to generate new hypotheses. Thus, neither a global significance level nor local levels were determined, and no adjustment for multiplicity was made. P-values represent a metric measure of evidence against the respective null hypothesis, and were considered as statistically significant if P£0.05.
The primary target parameter was eGFR (mL/min). Standard univariate statistical analyses were used to describe demographic and clinical parameters. Categorical variables are shown as absolute and relative frequencies.
To quantify evidence of differences between the 2 metabolism groups (fast and slow), Fisher's exact tests were used for categorical variables. Continuous variables assumed to be normally distributed are presented as the mean±standard deviation. Non-normally distributed metric variables are reported as median (minimum, maximum). Due to their distributional properties, pairwise comparisons between the 2 Tac groups were performed using 2-sided t-tests for independent groups or the Mann-Whitney U test if applicable.
Multivariable analyses were performed for longitudinal data.
The aim was to estimate the covariable-adjusted effects on eGFR. To account for missing values (treated as missing at random) and dependencies between repeated measurements, linear mixed models were fitted. The dependent variable was eGFR (mL/min 
Results

Study population
Between January 2000 and March 2012, 328 liver transplants were performed on 280 patients (Figure 1 ). Of these, 179 received an initial immunosuppressant regime with Tac, mycophenolate mofetil, and prednisolone. Table 1 shows the descriptive statistics of the 115 LTx recipients who fulfilled the study inclusion criteria by remaining on Tac for at least 6 months post-transplant. The C/D ratio 6 months after LTx was used to classify the patients into 2 groups; values showed a skewed distribution ( Figure 2) . The median C/D ratio was 1.09 ng/mL*1/mg (0.46-3.60 ng/mL*1/mg). The 115 patients included in the analysis were thus categorized into 1 of 2 groups: fast metabolizers (n=58, C/D ratio <1.09) and slow metabolizers (n=57, C/D ratio ³1.09).
The patients' mean age was 50.7±12.3 years (range 16-68 years), and 73 (63.5%) were male. The group of slow metabolizers contained significantly more male patients compared to the fast metabolizers group (Table 1) . At the time of LTx, none of the patients was on dialysis. During the 36 months follow-up, 3 fast metabolizers suffered from end-stage renal disease and went on dialysis. Causes for LTx and comorbidities are displayed in Table 2 . The main reason for LTx was alcoholic liver cirrhosis in both groups. The group of slow metabolizers included significantly more patients with primary biliary cirrhosis (P=0.040), and the fast metabolizers group had significantly more cases of autoimmune hepatitis (P=0.023). Further underlying diseases and relevant comorbidities did not differ significantly between the 2 groups.
Influences on renal function
Descriptive statistics (univariate analysis) of renal function are shown in Table 3 . Linear mixed models were fitted to identify independent factors with statistically significant influences on renal function during the follow-up period of 36 months (Table 4 , all eGFR values obtained by the CG equation [20] ). The baseline covariate of age at LTx was significantly influential (P£0.05). Furthermore, the main effects in the Tac metabolism group and time point showed a significant influence on renal function (Table 4 ). Figure 3 illustrates mean estimates of the eGFR values and corresponding 95% confidence intervals from the multivariable linear mixed model. At the time of LTx, and at 1 month and 3 months after LTx, the eGFR values did not differ significantly. At 6 months, 12 months, and 36 months after LTx, fast Tac metabolizers exhibited noticeably more impaired renal function than slow metabolizers. Interestingly, fast metabolizers showed a continuous reduction in eGFR during 12-month follow-up ( Figure 3) . A slight recovery in eGFR in fast metabolizers between 12 and 36 months and in slow metabolizers between 6 and 36 months might have been caused by a substantial drop-out rate (according to the exclusion criteria of this study: switch of immunosuppression and death). The slopes of fast and slow metabolizers, indicating the change over time, were not significantly different. Although the pairwise comparison (linear mixed model) of eGFR values 12 months after LTx revealed a 16.5 ml/min lower eGFR value in the group of fast metabolizers (Table 4) , the scatterplot showed no clear correlation between the C/D ratio and eGFR values 12 months after LTx (r=0.311; Figure 4 ). Notably, only 3 fast metabolizers, but 13 slow metabolizers, showed an eGFR >100 ml/min at 12 months after LTx (Figure 4 ). Supplementary Table 1 .
The analyses were repeated by using eGFR values obtained by the MDRD formula [21] . Mean MDRD eGFR values were considerably lower compared to CG eGFR values but showed a similar trend at 36-month follow-up ( Supplementary Figure 1) . MDRD eGFR values revealed significantly different slopes over time between the 2 Tac metabolism groups (P=0.043). The main effect of Tac metabolism group revealed no significant influence on renal function (P=0.204).
Doses and trough blood concentrations
The trough blood Tac concentrations were measured 1 month, 3 months, and 6 months after LTx. At 3 months and 6 months, slow metabolizers had significantly higher Tac concentrations (Table 5 ). Target trough concentrations were achieved 1 month and 3 months after LTx in both groups. After 6 months the median blood trough concentration of slow metabolizers (8.1 ng/mL) was slightly higher than the target range of 4-8 ng/mL. The Tac doses of fast metabolizers were noticeably higher than slow metabolizers at all 3 time points, although the prednisolone doses were not noticeably different between the groups.
Switch of immunosuppression regime
A similar proportion of patients in both groups was changed to a different treatment ( Table 6 , P=1). The most common reason for changing was assumed CNI nephrotoxicity, with a significantly greater number of fast metabolizers (P=0.027).
Liver function tests
Routine liver function tests were also performed ( Table 7 ). There were no noticeable differences in serum ALT concentration or INR between the groups. Fast metabolizers were characterized by significantly lower serum bilirubin concentrations at 6 months, 12 months, and 36 months, although the median bilirubin concentration was broadly comparable in each group and within the normal laboratory range.
Serious adverse events
After 6 months had elapsed post-transplant, 1 patient (a fast metabolizer) lost transplant function because of hepatic steatosis ( Table 6 ).
Twelve of the 115 patients included in the study died between months 6 and 36 (10.4%, Table 6 ). A greater proportion of slow metabolizers died, although the difference was not statistically significant ( Table 6 ). The most common cause of death in the 115 patients included in the study was relapse of a hepatocellular carcinoma. (Table 3) .
Fixed effects
Estimated regression coefficient Lower 95% confidence limit Reference category (=Intercept): sex=male, age=0, weight=0, BMI=0, HCV status=neg., Tac metabolism group=fast, time point=36 months. Independent variables were renal function group, weight, age at LTX, gender, HCV status, BMI, time point and the interaction between renal function group and time point. The repeated measurements of eGFR values were modeled using a first-order antedependence covariance structure (ANTE (1) 
Discussion
Our findings support the hypothesis that the Tac metabolism rate of liver allograft recipients is associated with renal function. We found that a C/D ratio of <1.09, corresponding to fast metabolizers of Tac, was associated with greater renal impairment after LTx in a 36-month follow-up period compared with a C/D ratio ≥1.09.
Demographic characteristics, such as sex and age, are known to have an impact on Tac metabolism [6] , and many drugs may cause changes in the Tac metabolism rate, particularly those that interact with CYP3A4 and CYP3A5 [8] . Compared with other studies in the literature, we found that higher Tac doses were required when higher corticosteroid doses were administered in the early months after LTx [22, 23] . Many genetic variables are also known to influence Tac metabolism in RTx and LTx recipients [6, [24] [25] [26] . Interestingly, it has not been possible to show incontrovertibly that pharmacogenetic differences between patients have a clinically important impact on the efficacy or toxicity of Tac [26] . Furthermore, genetic tests are expensive, take a long time to process, and require an additional blood test for the patient. The large number of factors that influence Tac metabolism mean that predicting the required dose accurately can be very difficult [27] . Therefore, a simple tool to predict the risk of CNI nephrotoxicity would have substantial clinical utility.
We recently reported that fast Tac metabolism with a C/D ratio <1.05 was associated with impaired renal function after RTx [17] , a finding that agrees with the results of this study of a cohort of LTx recipients, in which a similar C/D ratio of <1.09 characterized patients as fast metabolizers. Fast metabolizers also exhibited noticeably lower eGFRs than slow metabolizers. Given that creatinine and eGFR are weight-dependent values, these parameters may be overestimated in patients with liver disease [28] . In the cohort of this study, at the time of LTx and 12 months later, no noticeable differences in weight were found between the 2 groups.
CNI nephrotoxicity is the most plausible cause of renal impairment after LTx [17, 29, 30] . There have been several reports that there is a dose-dependent relationship between Tac and CNI nephrotoxicity [2, 3] . In our cohort, fast metabolizers needed noticeably higher daily Tac doses than slow metabolizers during the first 6 months. As Tac target trough concentrations were not significantly different between the groups after 6 months, the Tac dose may not influence renal function by its trough blood concentration alone. Kuypers et al. reported an association between high daily Tac requirements and histologically proven CNI nephrotoxicity after RTx [31] . A possible explanation for the impaired renal function seen in fast metabolizers could be an elevated -and therefore more nephrotoxic -peak Tac concentration in the first hours after administration [5, 32] . Especially in a subgroup of mainly slow metabolizers that retain an eGFR >100 ml/min, a low Tac peak concentration might be advantageous.
Primarily, the CG equation was used for estimation of the GFR in this study due to a mean GFR >60 ml/min [20] . Although established in many previous studies, the CG equation has several limitations and is mainly influenced by age, body weight, and BMI [33] . More modern equations like MDRD and CKD-EPI seem to give the best estimation of GFR but are more influenced by the GFR itself [34, 35] . Especially in the GFR-range >60 ml/min/1.73 m², the latter equations reveal a larger bias compared to the CG equation [33, 36] . This might explain differences in association between C/D ratio and renal function. Nevertheless, by using the MDRD equation, the 2 metabolism groups also showed statistically significant differences in renal function at 36-month follow-up.
We also found that a greater proportion of fast metabolizers than slow metabolizers were switched from Tac due to presumed CNI nephrotoxicity. Early introduction of everolimus together with a reduced trough Tac concentration reportedly achieves statistically and clinically significant benefits for renal function 2 years after LTx [37] .
In this study the median follow-up liver parameters were in the normal range. This suggests that differences in hepatic function as a cause for an impaired renal function in the group of fast Tac metabolizers is very unlikely. Structural parenchymal changes in the liver mean that older patients metabolize CNIs more slowly [38] . Our linear mixed model demonstrated that age showed a highly significantly association with renal function after LTx, but age at LTx did not differ significantly between the 2 Tac metabolism groups. We also found that female sex and positive HCV status had negative influences on renal function after LTx, which is in broad agreement with a study from Australia, which reported that female sex and HCV infection were risk factors for the development of severe chronic kidney disease in LTx recipients [39] . The majority of serious adverse events, such as death or loss of liver function, occurred within the first 6 months after LTx, but because we first analyzed the C/D ratio at 6 months to avoid the potentially confounding influence of prednisolone, we cannot draw any conclusions about the impact of Tac metabolism rate on these events.
Our study has some other limitations. First, data were collected retrospectively. Second, it was a single-center study of a population that was mainly of Western European descent, meaning that it is difficult to generalize our findings to other ethnic groups with different genetic characteristics. Furthermore, many patients met 1 or more exclusion criteria during the early months after LTx and were thus not included in the analysis; therefore, conclusions only apply to patients who met the inclusion criteria. A substantial proportion also required several switches of immunosuppression regimen. This combination of factors means that we can only provide data at 36-month follow-up. Due to the study design, we cannot determine predictive value of the C/D ratio in renal function. Thus, prospective, controlled, multicenter studies are needed to establish the role of the C/D ratio as a clinical tool for identifying patients at risk of CNI nephrotoxicity. The implementation of the Tac peak concentration early after administration should offer further information in this context.
